The TeV Cosmic Ray Bump: a Message from Epsilon Indi Star? by Malkov, Mikhail A. & Moskalenko, Igor V.
DRAFT VERSION OCTOBER 7, 2020
Typeset using LATEX twocolumn style in AASTeX63
The TeV Cosmic Ray Bump: a Message from Epsilon Indi Star?
MIKHAIL A. MALKOV1 AND IGOR V. MOSKALENKO2, 3
1Department of Physics and CASS, University of California San Diego, La Jolla, CA, 92093, USA
2W. W. Hansen Experimental Physics Laboratory
3Kavli Institute for Particle Astrophysics and Cosmology, Stanford University, Stanford, CA 94305, USA
ABSTRACT
A recently observed TV bump in the cosmic ray (CR) spectrum, comprising two consecutive breaks, is likely
caused by a stellar bow shock. It reaccelerates preexisting CRs, and they diffuse to the Sun along the magnetic
field lines. They drive turbulence that self-controls the diffusion and forms the bump. We show that the turbu-
lence has an Iroshnikov-Kraichnan (I-K) spectrum, k−3/2, by solving the CR reacceleration and propagation
problem analytically. While the ad hoc bump fit requires six parameters, our predicted CR spectrum at the
Sun depends on only two parameters, the shock Mach number, M , and the bump rigidity R0, which absorbs
other shock parameters. With M ≈ 1.6 and R0 ≈ 4.4 TV, the analytic solution deviates from the data only by
≈ 0.08%. We rule out turbulence spectra other than the I-K. The analytic solution that depends only on two
parameters makes an accidental agreement highly unlikely. The values of R0 and M obtained from the fit pro-
vide the distance-size (ζobs− l⊥) relation for the shock: ζobs(pc)∼ 102
√
l⊥(pc). Assuming l⊥ = 10−3−10−2
pc, we find the path length along the magnetic field lines of ζobs = 3 − 10 pc. There are at least two passing
stars in this range: the binary Scholz’s Star at 6.8 pc, and a triplet Epsilon Indi at 3.6 pc. Based on their current
positions and velocities, we speculate that our Sun is in the wake of the Scholz’s star, while the spectral bump
is transmitted by the Epsilon Indi. Given the proximity of this star, the bump appearance may change in a
relatively short time.
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1. INTRODUCTION
Cosmic ray (CR) observations have much improved over
the past decade and encouraged a deep rethinking of ways
in which CRs are accelerated and transported. New features,
such as breaks and significant differences in the spectral in-
dices of different species, are being discovered in the energy
range that deemed as well-studied (ATIC-2 – Panov et al.
2009, CREAM – Ahn et al. 2010; Yoon et al. 2011, PAMELA
– Adriani et al. 2011, Fermi-LAT – Ackermann et al. 2014,
AMS-02 – Aguilar et al. 2015a,b, 2017, 2018a,b; Aguilar
et al. 2020, NUCLEON – Atkin et al. 2018, 2019; Grebenyuk
et al. 2019a,b, CALET – Adriani et al. 2019, DAMPE – An
et al. 2019). These features bear the signatures of CR accel-
eration processes and their propagation history.
A flattening in the spectra of CR p and He at∼300 GV was
discovered first (Ahn et al. 2006, 2010; Adriani et al. 2011)
giving raise to a number of different interpretations. With
new accurate measurements of spectra of several primary (p,
He, C, O, Ne, Mg, Si) and secondary (Li, Be, B) species
becoming available from AMS-02 (Aguilar et al. 2015a,b,
2017, 2018a,b; Aguilar et al. 2020), only two main interpre-
tations remain. These are (i) the intrinsic spectral breaks in
the injection spectra of typical CR sources or two different
types of sources with soft and hard spectra (Vladimirov et al.
2012, a so-called “injection scenario,”), and (ii) a break in
the spectrum of interstellar turbulence resulting in the break
in the diffusion coefficient (Vladimirov et al. 2012; Blasi
et al. 2012; Aloisio et al. 2015, a so-called “propagation sce-
nario,”). The latter has very few free parameters and predicts
that the spectral index change before/after the break in the
spectra of secondary species ∆γsec should be twice as large
as the spectral index change in the spectra of primary species
∆γsec ≈ 2∆γpri. This scenario seems to be well-supported
by the AMS-02 data (Boschini et al. 2020a,b, see fits and a
discussion in).
Another spectral feature, a softening in the spectrum of
protons and He at ∼10–30 TV, was also found and seems to
be well established now (Ahn et al. 2006; Atkin et al. 2018,
2019; Grebenyuk et al. 2019a; Adriani et al. 2019; An et al.
2019, see also parameterizations in Boschini et al. 2020b).
Even though the two mentioned scenarios work well for one
break, it is hard to imagine that the injection spectrum of an
ensemble of CR sources and/or the spectrum of interstellar
turbulence conspire to produce two relatively sharp breaks
one decade in rigidity apart on a large Galactic scale. More
likely explanation is the presence of a local CR source, where
both breaks would form by a fresh primary component with
a harder spectrum and an appropriate cutoff produced by the
local source. Meanwhile, a scenario with a local supernova
(SN) explosion (Fang et al. 2020; Fornieri et al. 2020; Yuan
et al. 2020, e.g.,) predicts no breaks in the secondary compo-
nent (Vladimirov et al. 2012) and thus is unfeasible. More-
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2over, the unprecedented accuracy with which the sharp break
in the spectrum is measured rules out a linear composition
of independent sources. The transition would be too smooth
unless the sources conspire to replace each other at the tran-
sition point (Niu 2020).
The fact that the spectra of secondaries are also flattening
above the first break similar to the primaries, albeit with dif-
ferent spectral index, implies that the secondary species have
already been present in the CR mixture that the bump is made
of. Therefore, the bump has to be made out of the preexisting
CRs with all their primaries and secondaries that have spent
millions of years in the Galaxy. There are two possibilities:
either the bump was being formed in a significant part of the
Galaxy simultaneously with the secondaries over the CR con-
finement time, or it has been created locally, relatively short
time before we started observing it. We will argue that the
second possibility is more likely.
Worth mentioning is the sharpness of the bump that may
provide useful restrictions on the distance to its formation
site. Originating in remote objects would result in a smoother
appearance due to the diffusive propagation and mixing with
old CRs. An estimate of the maximum distance, provided
in Section 4, limits it to a 3–10 parsec, thus suggesting a
field-aligned CR propagation from the bump formation site
directly to the observer. Assuming, still, that most of the
CR accelerators collectively produce a featureless power-law
spectrum, in this paper we are proposing a bow shock of a
passing star and/or a magnetosonic shock in the Local Bubble
as a possible origin of the feature recently observed in the
sub-TeV–10 TeV energy range.
The remainder of the paper is organized as follows. In
Sect. 2 we assess the local ISM environment for shocks suit-
able to our model. In Sect. 3 we consider a modification of
the preexisting CR spectrum by such a shock. Sect. 4 de-
scribes the propagation of the modified CR spectrum to the
observer through a self-driven turbulence. In Sect. 5 we de-
termine the unknown physical parameters of the shock by
fitting the data to our model. Sect. 6 checks independent ob-
servations for possible tensions with our model predictions.
In Sect. 7 we return to the possible shock candidates and con-
sider bow shocks of passing stars. We conclude with a brief
summary in Sect. 8 and discussion in Sect. 9.
2. THE LOCAL BUBBLE
The Local Bubble is a low density region of the size of
∼200 pc around the sun filled with hot H I gas that was
formed in a series of SN explosions (Sfeir et al. 1999; Frisch
et al. 2011, e.g.,). Studies suggest 14–20 SN within a moving
group, whose surviving members are now in the Scorpius-
Centaurus stellar association (Frisch et al. 2011; Breitschw-
erdt et al. 2016).
An excess of radioactive 60Fe found in deep ocean core
samples of FeMn crust (Knie et al. 1999, 2004; Wallner et al.
2016), in the Pacific Ocean sediments (Ludwig et al. 2016),
in lunar regolith samples (Cook et al. 2009; Fimiani et al.
2012, 2014), and more recently in the Antarctic snow (Koll
et al. 2019) indicates that it may be deposited by SN explo-
sions in the solar neighborhood. Observation of 60Fe (Rugel
et al. 2009, the half-life τ1/2∼2.6 Myr,) in CRs by ACE-
CRIS spacecraft (Binns et al. 2016), while only an upper
limit for 59Ni (τ1/2∼76 kyr) is established (Wiedenbeck et al.
1999), suggests >∼100 kyr time delay between the ejecta and
the next SN, and thus SN events should be clustered in space
and time.
Currently there is no general agreement on the exact num-
ber of SNe events and their exact timing, but it is clear that
there could be several events during the last ∼10 Myr at
distances of up to 100 parsecs (Wallner et al. 2016). The
most recent SN events in the solar neighborhood were 1.5–
3.2 Myr and 6.5–8.7 Myr ago (Fry et al. 2015; Wallner et al.
2016). The measured spread of the signal is ∼1.5 Myr (Fry
et al. 2015). However, each of these events could, in prin-
ciple, consist of several consequent SN explosions separated
by some 100 kyr, as an estimated time spread for a single
SN, located at ∼100 pc from the Earth, is just ∼100–400 kyr
and the travel time is ∼200 kyr. A detailed modeling by Bre-
itschwerdt et al. (2016) indicates two SNe at distances 90–
100 pc with the closest occurred 2.3 Myr ago at present-day
Galactic coordinates (l, b) = (327◦, 11◦), and the second-
closest exploded about 1.5 Myr ago at (343◦, 25◦), both with
stellar masses of ∼9M.
The consequent SN events generated multiple shocks that
are likely still present in the Local Bubble. The typical life-
time of such shocks ∼2 Myr can be estimated assuming the
shock speed is equal to the speed of sound in a 106 K plasma
and a distance of 200 pc (Bergho¨fer & Breitschwerdt 2002).
The same ballpark estimate can be obtained, if one assumes
the old shock velocity of ∼100 km s−1 – comparable to
the typical velocity of the random motions in the interstel-
lar medium (ISM). The shock could have also emerged more
recently from a decaying turbulence left behind after the last
SN events by wave steepening and shock coalescence.
In fact, radio observations and sometimes X- and γ-rays re-
veal structures, often referred to as “radio loops,” that cover
a considerable area of the sky. There are at least 17 known
structures (for details, see Vidal et al. 2015, and references
therein) with radii of tens of degrees that can be as large as
∼80◦. The best-known is Loop I, which has a prominent part
of its shell aligned with the North Polar Spur. The spectral in-
dices of these structures indicate a nonthermal (synchrotron)
origin for the radio emission, but the origin of the loops them-
selves remains unclear. One of the major limitations is the
lack of precise measurements of their distances. However, it
is clear that some of them could be the old SNRs and their
huge angular sizes hint at their proximity to the solar system.
An interesting alternative is a bow shock of a star rapidly
moving in the solar neighborhood. Such bow shocks are
abundant in the Galaxy as clearly seen in images1 taken by
the Hubble Space Telescope, and are able to reaccelerate
CRs. We discuss such a possibility in Sect. 7. A subset of
1 See, e.g., a bow shock around LL Ori in the Orion Nebula:
https://www.nasa.gov/multimedia/imagegallery/image feature 1060.html
3fast moving stars is likely to be produced by the outer Lind-
blad resonant scattering (Dehnen 1999).
3. SPECTRUM MODIFICATION BY A WEAK SHOCK
Given the requirements for the observed sharp breaks in the
CR spectrum, we approach the problem of their origin as fol-
lows. Consider a weak, planar magnetosonic shock propagat-
ing through the rarefied plasma in the Local Bubble. Assume
the shock is moving at a speed u1 in the positive x-direction,
with which the ambient magnetic field makes an angle ϑnB .
At first, we will describe the CR distribution both upstream
and downstream of the shock by a stationary, convection-
diffusion equation in one dimension. In obtaining its solution
and analyzing whether it has a potential to reproduce the ob-
served bump at some distance upstream, we will follow the
CRs reaccelerated at the shock as they propagate along the
magnetic flux tube, whose foot is on the shock surface. The
propagation problem is two-dimensional, at a minimum, and
we will address it in Sect. 4, inluding its connection to the
one-dimensional reacceleration problem we consider in this
section.
The convection-diffusion equation for the particle distribu-
tion function f near the shock reads
u
∂f
∂x
− ∂
∂x
κ
∂f
∂x
=
1
3
du
dx
p
∂f
∂p
. (1)
Here p is the particle momentum and the flow velocity has
the following values, respectively ahead and behind of the
shock,
u (x) =
{
−u1, x ≥ 0,
−u2, x < 0,
u1 > u2 > 0.
The particle diffusion coefficient in the direction along the
shock normal (x) is κ = κ‖cos2ϑnB , where κ‖ is the com-
ponent of the diffusion tensor along the field.
The general solution of this problem is well known and we
will use it in the form of Blandford & Ostriker (1978):
f (x, p) = (2)f∞ (p) + [F (p)− f∞] exp
[
−u1
∫ x
0
dx′
κ (x′, p)
]
, x ≥ 0;
F (p) , x < 0.
Here f∞ (p) is the background CR distribution far upstream
of the shock and F (p) is that at its front and downstream.
The upstream part of the solution grows sharply with mo-
mentum at sufficiently large x, owing to the growth of the
diffusion coefficient κ with p. This behavior can produce the
required bump if the prefactor F − f∞ properly depends on
the momentum. The function f∞ is given by the background
spectrum, while an equation for F (p) may be straightfor-
wardly obtained by integrating both parts of Eq. (1) across
the flow discontinuity at x = 0:
p
dF
dp
+ qF = qf∞, (3)
where q = 3r/(r − 1) with r = u1/u2 being the shock
compression.
For the next step, it is convenient to write the solution as
follows,
F = f∞ −
∫ p
0
(
p′
p
)q
∂f∞
∂p′
dp′. (4)
We have merely assumed here that f∞ grows slower than p−q
as p → 0, where the singularity at low energies is naturally
removed by the diminishing flux of “aged” CRs due to the
fast ionization losses (Strong & Moskalenko 1998).
Now we need to specify f∞. If the solution in Eq. (2)
correctly describes the observed CR spectrum, then at par-
ticle momenta below the first break the exponential term is
very small and we can derive f∞ from the observed spec-
trum in this energy range. Of course, we need to know it
also at higher momenta where the spectrum is masked by
the exponential term, presumably responsible for the spectral
feature. However, the spectrum below the first break is a sim-
ple power-law, ∝ p−σ , with the index measured to be close
to σ ≈ 4.85 (e.g., Boschini et al. 2020b). Assuming that it
continues with the same slope σ < q, at least to the second
break, we substitute this power-law into the solution for F in
Eq. (4) to obtain the following relation,
F
f∞
= 1 +
σ
q − σ .
Now we can express the solution upstream through f∞:
f (x, p) = f∞
{
1 +
σ
q − σ exp
[
−u1
∫ x
0
dx′
κ (x′, p)
]}
.
(5)
Note, that assuming the shock intrinsic index q being larger
than that of the background CRs, q > σ ≈ 4.85, implies
a low-Mach shock. For that reason, we have not added the
freshly injected CRs to the solution, but will discuss the im-
plications of this omission in Sect. 6.1. In addition to be-
ing dominated by the background CRs at higher energies, as
q > σ, they could not be injected efficiently in the first place
(e.g., Hanusch et al. 2019), provided that the Alfve´nic shock
Mach number, MA . 3− 4. The second term in the solution
in Eq. (5) represents the shocked background spectrum.
In most of the CR transport regimes the diffusion coeffi-
cient κ grows with momentum. Therefore, at some distance
ahead of the shock only particles with higher momenta con-
tribute to the second term in the above solution. It is this
growth with momentum that produces the spectrum upturn
at ∼0.5 TeV. The growth, however, saturates at p → ∞, and
so the overall spectrum reestablishes its background profile,
but at an enhanced level, f≈ q (q − σ)−1 f∞. This second
transition is responsible for the spectrum softening at ∼15–
20 TV. The spectral shape thus has a required appearance of
the observed CR bump and it very much depends on the fol-
lowing function of momentum, see Eq. (5),
Φ (p) = u1
∫ x
0
dx′
κ (x′, p)
, (6)
4where the variable x is considered to be fixed, e.g., by the
observer’s position.
Clearly, the presence of the two breaks in the spectrum re-
quires the path integral Φ to vary between small and large
values with momentum p (see Sect. 6.4 for details). This
imposes a constraint on the distance L ∼ x/ cosϑnB from
the shock to the observer. However, the integral along the
particle propagation path runs through regions with different
propagation regimes, between which κ varies by orders of
magnitude. For sufficiently small particle momenta, Φ ∼ 1
is already in the shock precursor. If the CR intensity near
the shock is sufficient to drive waves to the Bohm regime,
δB ∼ B, that is, κ ∼ crg , which gives an estimate for
the distance L ∼ rgc/u1, where rg is the proton gyroradius.
For a TV rigidity of the spectral hardening (first break) and
u1 ∼ 10−3c, the estimate yields, as a lower bound, L ∼1 pc.
There are two questions about this estimate, though. First, if
the Bohm regime is realistic for the observed intensity of the
CR excess. Second, if the κ ∝ pBohm scaling fits its spectral
shape. We address these questions in Sect. 5 and Appendix
A, and answer is negative for both questions. Therefore, we
need to extend the integration in Eq. (6) beyond the shock
precursor.
Far from the shock, we may try to substitute a popular ISM
value for κ‖ = 1028 (p/mc)
a, with a = 0.3 − 0.6, neglect-
ing the above contribution to the path integral from the shock
precursor. We obtain the following upper bound on the dis-
tance to the observer
L ∼ 3 · 102 cosϑnB
u100
(p/mc)
a pc,
where u100 is the shock speed in units of 100 km s−1, and
p is the typical momentum of particles forming the bump.
The caveat in this estimate is that the plane-shock solution
becomes invalid upstream from the shock precursor. Even
if we assume the most favorable Kolmogorov scaling with
a = 1/3, the distanceL for the TeV particles may reach a kpc
scale. As we argue in Sect. 6.2, observing the sharp spectral
breaks at such a long distance would be untenable because of
momentum diffusion. In addition, particles diffusing that far
from the shock are unlikely to stay inside the flux tube and
never return to the shock which is required for the solution in
Eq. (5). We, therefore, conclude that neither lower nor upper
bound on the distance is realistic.
A systematic approach to the path integral in Eq. (6) must
thus include the effects of waves that are self-generated by
the reaccelerated particles both near the shock and further
along their path to the observer. We address these processes
in the next section.
4. DISTANCE TO THE SHOCK, INTERVENING
TURBULENCE, AND THE SPECTRUM
The goal of this section is to link the unknown shock dis-
tance, along with its other parameters, to the momentum de-
pendence of the path integral Φ in Eq. (9), which is observ-
able. While the shock speed can be reasonably estimated, the
dependence of Φ on the turbulence that scatters CRs is not
known a priori. The level and the spectrum of this turbu-
lence are the most important quantities that determine both
the observed spectral anomaly and the distance to its source.
The turbulence is generated by two different mechanisms, de-
pending on how far from the shock are the waves excited. In
the shock precursor, Alfve´n waves are generated by the ordi-
nary ion-cyclotron instability, usually employed in diffusive
shock acceleration problems. Further out along the flux tube
the turbulence is driven by the lateral pressure gradient of the
shocked CRs.
Self-generated waves strongly suppress the particle diffu-
sivity κ near the shock, but not necessarily down to the Bohm
value, κB = crg/3 assumed in Sect. 3 for a crude estimate.
The wave generation can be related to the pressure exerted
by the shocked CRs along the tube through the work done on
the waves, e.g., (Drury 1983):
(u+ VA)
∂Ew
∂ζ
= VA
∂PCR
∂ζ
, (7)
where Ew and PCR are the Alfve´n wave energy density and
the CR pressure, respectively, u = u1/ cos ΘnB , and ζ is the
coordinate running from the shock along the field line. It is
related to the coordinate x used in Sect. 3 as x = ζ cosϑnB .
Within the quasilinear approximation, the particle diffusion
increases with ζ as κ‖ ∝ 1/Ew ∝ 1/PCR, which we apply in
the shock precursor. At larger ζ, where the cyclotron instabil-
ity subsides, the quasilinear treatment has to be abandoned.
Nevertheless, as long as the tube remains overpressured by
the shocked CRs, κ‖ does not rise to the level of the back-
ground ISM, κISM, in contrast to the quasilinear predictions.
It remains at an intermediate level, κint, which is between
the diffusivity near the shock and in the ISM, κISM. Using
Eqs. (1) and (7), in Appendix A we express the path integral
in Eq. (6) through κint:
Φ (p, ζ) = ln
PCR (0)
PCR (ζ)
' uζ
κint
+ ln
[
PCR (0)
κint
κB
(
1 +
u
VA
)−1]
, (8)
where VA is the Alfve´n speed. Unlike in the shock precursor,
where the excited Alfve´n waves are rapidly swept up by the
shock, the turbulence in the flux tube is long-lived and has
enough time for transformation to different modes and cas-
cading in the wave number. It supports the CR diffusivity at
the level κint. Its contribution is roughly characterized by the
first term on the r.h.s. in Eq. (8), but it requires a more accu-
rate treatment. We show in Appendix B that the turbulence
originates from an acoustic instability driven by the excessive
CR pressure in the flux tube.
Up to now, there was no need to specify the shock ge-
ometry, as we have used a one-dimensional model. To un-
derstand the excitation of the acoustic instability requires
at least a two-dimensional approach. In Appendix B we
consider a bow shock ahead of a moving star, Fig. 1, as a
likely example of two-dimensional configuration for the tur-
bulence. The acoustic instability inverse-cascades to longer
5Figure 1. Schematics of a bow-shock ahead of a moving star and
reaccelerated CRs, diffusing predominantly along the field lines.
waves with a steep spectrum, ∝ k−2. It is, however, inter-
cepted by a forward Alfve´n cascade that results in the I-K
turbulence, k−3/2, thus yielding the κint ∝ √p -scaling with
momentum. One can see then that at large ζ the first term
on the r.h.s. of Eq. (8) varies in a much broader range than
the second one, when the particle rigidity varies between the
spectral breaks. Therefore, the main contribution to the path
integral in Eq. (6) comes from the flux tube outside of the
shock precursor, which is consistent with our preliminary es-
timates. Since κint (ζ, p) maintains the
√
p -scaling through-
out this region we can write the value of Φ at the observation
point ζ = ζobs, as a function of rigidity, R, as follows
Φ (ζobs, R) =
(
R0
R
)1/2
. (9)
The quantity R0 has a meaning of the bump rigidity, so that
the spectral hardening occurs at R ≈ 0.1R0, while the soft-
ening – at R ≈ 4R0, Sect. 6.4. This quantity is calculated in
Appendix C and is given (in units of GV) as:
R0 =
{
3 (σ − 3) ξ u
c
√
2ηΓ (2σ − 8)
}2/(σ−3)
GV. (10)
Together with the shock index, q, in Eq. (5), R0 fully deter-
mines the shape of the spectrum. Apart from the measured
CR background index σ ≈ 4.85, and the shock velocity u, it
depends on the following two dimensionless parameters:
ξ ≡ ζobs√
rGVl⊥
, (11)
which is the normalized distance to the shock, and the pres-
sure of accelerated CRs η, normalized to the geometric mean
of thermal and magnetic pressure in the ISM, Eq. (C18).
Here l⊥ is the characteristic transverse scale of the flux tube
and rGV is the gyroradius of a GV proton.
This concludes our theoretical consideration of reacceler-
ation and propagation of CRs to the observer. Our predic-
tions thus depend on several unknown parameters: the dis-
tance and the size of the shock (roughly equivalent to l⊥),
the shock Mach number, M , and the shock speed, u. The lat-
ter two can be related if the temperature of the ISM near the
Figure 2. Acoustic wave energy cascading to longer scales until
they are intercepted by the Alfve´nic forward cascade.
shock is known. In fact, however, to make a precise compari-
son of our model predictions with the observed spectrum, the
following two parameters suffice, the shock Mach number
(to determine its index q) and R0. Courtesy of the I-K tur-
bulence spectrum, derived on theoretical grounds, our model
thus contains no free parameters. Therefore, even though the
physical parameters of the shock and its geometry are not
known, we can determine M and constrain other physical
parameters by obtaining R0 from the best fit of our solution
to the data.
5. FITTING THE DATA
Unlike the common practice to compare theoretical predic-
tions with discrete sets of data, we compare our prediction
with a continuous version of the observed proton spectrum.
The latter has been provided by Boschini et al. (2020b), in a
convenient form of analytic fit to the actual multi-instrument
data set. We will ignore individual instrumental errors, as the
cumulative data-set significantly diminishes them. The ana-
lytic expression is rather cumbersome and contains ten fitting
parameters to accurately represent the local ISM CR spec-
trum; we show it plotted in Fig. 3. We denote this spectrum
by fd (R) and compare with our two-parameter (M and R0)
prediction in Eq. (12). To this end, we rewrite the solution in
Eq. (5) in the rigidity-dependent form:
f (R) = 2.3× 104R−0.15
[
1 +Ke−(R0/R)
a
]
, (12)
where K(M) ≡ σ/ (q − σ) (see below) and R0 is defined in
Eq. (10). Here the CR density f (R) is normalized to fdR,
as opposed to fp2dp in Eq. (5). Also, following a common
practice, we have multiplied f by an additional factorR2.7 to
make the spectral structure visible. The normalization factor
and the power-law index (0.15, stemming from the CR back-
ground index σ = 4.85, introduced in the previous section)
are fixed by comparing the background CR spectrum f∞ in
6Figure 3. Fit of the diffusive shock acceleration result in Eq. (12)
(dashed line) to the CR proton data compilation by Boschini et al.
(2020b) (solid line). The region between the vertical lines is phys-
ically related to the shock acceleration in the Local Bubble and
is used to calculate the relative deviation between the two curves
presented in Eq. (13). Here we used a = 0.515, K = 2.39,
R0 = 4434 GV.
Eq. (5) with the synthetic data, fd (R), from Boschini et al.
(2020b). We match the two at lower rigidities, R  R0,
where the shock does not perturb the spectrum near the he-
liosphere.
Although we have calculated the CR diffusion coefficient,
κ (R)∝R1/2 in Appendix C, we introduced an additional
parameter a in Eq. (12) to investigate if other turbulence
models may also apply. The nominal value is thus a = 1/2,
but we will explore other popular turbulence models, such as
the Kolmogorov (a = 1/3) and the Bohm (a = 1) models.
We will scan the parameter space by changing a in the range
a = 0.2 − 1.0 and also determine K ≡ σ/ (q − σ) and R0
by minimizing the deviation of the model prediction from the
data. But first, we find the absolute minimum of this devia-
tion which happens to correspond to a slightly higher than
I-K spectrum with a = 0.515.
Shown in Fig. 3 is a nearly perfect match between the data
and our model, found for K = 2.39 and R0 = 4405. By
defining the relative deviation between the two curves as
∆ =
∫ R2
R1
|f − fd| dR
/∫ R2
R1
fddR , (13)
where fd is the “data,” and R1 = 28 GV and R2 = 8 ×
104 GV are chosen to contain the shock-related perturbation
of the spectrum. The bump rigidity R0 satisfies the relation
R1  R0  R2. Using the above formula, we have com-
puted that ∆ ≈ 8.5 × 10−4. We will discuss the incipient
discrepancies between the two spectra outside of this range
in Sect. 6. An insignificant shift in a from 1/2 might be pro-
duced by a minor contribution of the Bohm scaling,∝ p, near
the shock, not included into the path integral. It can equally
well be attributed to the observation errors.
The sensitivity of our model predictions to the turbulence
regime is demonstrated in Fig. 4 that shows a scan of the
Figure 4. The calculated deviation of the predicted spectrum from
the the synthetic data vs. the index of the diffusion coefficient,
Eq. (13). The indices corresponding to the Kolmogorov, I-K, and
Bohm diffusion are shown by arrows.
function ∆ in the turbulence parameter a. Clearly, the I-K
model stands out reaching a sharp minimum of the error ∆
very close to a = 1/2. In fact, even at the exact a = 1/2
the error is still about 0.2%, and, as we mentioned, even that
minuscule deviation from the nominal I-K index can be still
consistent with the model. To demonstrate that the I-K is
by far the most likely turbulent regime in the flux tube we
plot in Fig. 5 the model prediction for the Kolmogorov tur-
bulence with a = 1/3. It has the nearest to the I-K spectral
index, but the disagreement with the data is significant. In
particular, it over-predicts the bump position by a factor 2-3
and is inconsistent with the newest data even if the error bars
are included.
The CR bump amplitude K ≈ 2.39 implies the shock
power-law index q ≈ 6.88, which translates into the shock
compression r ≈ 1.77, and then into the Mach number
M ≈ 1.55. Note that these parameters formally relate to the
scattering centers in the shock precursor, which may move
with the Alfve´n speed VA backward with respect to the in-
flowing plasma. However, this is quite uncertain as we do not
know the shock angle, the turbulence level and the plasma β.
These factors can change the wave dispersive properties. For
example, if the turbulence level is sufficiently high, the in-
duced scattering of waves on thermal ions or other nonlinear
processes, such as interaction with magneto-acoustic waves,
may symmetrize the Alfve´n waves in terms of the propaga-
tion direction, thus making them effectively frozen into the
flow. The latter was assumed in the above calculations for
simplicity.
Unlike K, which is fully determined by the shock com-
pression, the second model parameter R0 depends on the un-
known distance to the shock, its size, and speed. In order to
constrain these quantities, we first calculate the shock speed
u from the shock Mach number, M ≈ 1.55, obtained from
the best fit value of K ≈ 2.4. Its upper bound may be placed
by taking the temperature in the Local Bubble T ' 106 K
(e.g., Snowden et al. 2014), which gives u1 ' 150 km s−1.
7Figure 5. Same as in Fig. 3, but for Kolmogorov turbulence with
a = 1/3. The best agreement is at K = 3.73, R0 = 15665 GV.
In denser and cooler regions the speed is several times lower.
Also, small density clumps in the ISM effectively reduce the
shock speed.
We can now substitute the parameters K and R0, inferred
from the data, in the expression in Eq. (C19) for the normal-
ized distance ξ, while setting R∗ ≈ 1:
ζobs√
rGVl⊥
≈ 2× 102 c
u
√
ρCsVA
P∞
. (14)
To get a crude estimate, we can substitute rGV =
1012 cm, c/u ∼ 3 × 103, and the normalized CR pres-
sure P∞/ρCsVA ≈ 1 into Eq. (14). Then, we obtain
ζobs ∼102
√
l⊥, where the both lengths, ζobs and l⊥, are
given in parsecs.
The value of l⊥ is still uncertain. In contrast to ζobs, how-
ever, we can constrain it by assuming that the shock is a bow
shock of a moving star, and its size is not much larger than
our own heliosphere, even if we leave a room for the reaccel-
erated CR to form a wake. Inserting then l⊥ ∼ 10−2 pc into
the last estimate, we obtain an upper bound on ζobs ∼ 10 pc.
A lower bound on l⊥ can be obtained if the sun is just en-
tering the flux tube, as shown in Fig. 1. We will discuss the
implications of this scenario for the time-dependent CR spec-
trum, observed locally. In any event, l⊥ cannot be smaller
than the gyroradius of those reaccelerated CRs that make the
main contribution to their pressure. Formally this quantity is
as small as rGV, but particles with such small gyroradii do
not diffuse far from the shock and a more plausible estimate
is the gyroradius of particles with the rigidity corresponding
to the spectral upturn, that is ∼1 TV. This estimate yields
l⊥ ∼ 1015 cm and, therefore, a few parsecs for ζobs. Based
on our estimates of l⊥ in Eq. (B12), a moderate inverse cas-
cade of Alfve´n waves might be required to allow for such a
short l⊥. We thus conclude that the distance to the reacceler-
ating bow shock is likely in the range 3–10 pc.
6. CONSISTENCY CHECK USING OTHER DATA
6.1. Spectrum Beyond the Excess Region
Our model spans the rigidity range 30 < R < 105 GV,
Fig. 3. Beyond each end of this interval, the model under-
predicts the data. Both belowR =30 GV and aboveR = 105
GV the spectrum might be unrelated to the shock in ques-
tion. Nonetheless, we briefly discuss how our model can be
extended to these intervals.
A moderate enhancement of the data above the model
prediction at the lower rigidities can be due to freshly in-
jected primaries. We have neglected their contribution to a
broad bump in the spectrum in the 10 TV range, because the
shock is weak, thus producing much steeper spectrum (in-
dex q ≈ 6.9) than the background spectrum (index ≈ 4.9).
For precisely that reason, however, the contribution of these
particles at lower energies can be increasingly visible. They
must have much higher density near the shock than the reac-
celerated particles. Therefore, by penetrating the magnetic
flux tube, even in a small number, these particles may par-
tially survive the upstream screening effect in Eq. (2) and
reach the sun. Apart from the injection, ionization energy
losses may also distort the spectrum of aged CRs at lower
rigidities.
The deviation of the fit from the data at R > 105 GV can
be explained by a possible slight concavity of the CR back-
ground spectrum f∞ that we have substituted in the shock so-
lution as a straight power law. In reality, however, while the
spectrum between 30 < R < 105 GV is dominated by the
reacceleration at the bow shock, the underlying background
spectrum may flatten between these limits. At higher rigidi-
ties the shock reacceleration stops working, because the ac-
celeration time, κ/u2, approaches the shock convection time,
l⊥/u, available for the reacceleration. At higher rigidities the
background spectrum reemerges with a flatter slope than it
has below the first break. The flattening is consistent with
the CR spectrum behavior at sub-knee rigidities.
6.2. Momentum Diffusion
Propagation of reaccelerated CRs to the sun through an en-
hanced turbulence comes with their enhanced diffusion in
momentum. The required bi-directional Alfve´n wave spec-
trum is justified by the genesis of these waves in the acoustic
instability discussed in Appendix B. Hence, relatively sharp
kinks in the observed spectrum may constraint the distance
to their source, in addition to the estimate in Eq. (14). It is
convenient to employ the following inverse relation between
the particle diffusivity in momentum,Dpp, and that along the
field, κ‖, with a numerical factor justified by Drury & Strong
(2017):
Dpp ' 0.1V
2
Ap
2
κ‖
.
By noting that the spreading in momentum for the parti-
cles traversed the distance ζobs from the source is ∆p2 ∼
Dppζ
2
obs/κ‖ and combining the above relation with Eq. (14)
and (C14) with PCR/P∞ ∼ 1 at large distances from the
shock, we find the relative rigidity spreading
∆R
R
∼ 102VA
u
√
1 GV
R
.
8This broadening of the peak at R ∼ 104 GV in Fig. 3 is
small, especially if the plasma β is high, so VA  u. It
may become closer to unity at the spectral minimum around
R . 10(3) GV. Nevertheless, the minimum breadth is not
in tension with the ∆R ∼ R result. In addition, the above
estimate gives an upper bound on the momentum diffusion
as it does not include the convective screening of low-energy
particles.
The above estimate of ∆R merely assumes that particles
reaccelerated at the shock diffuse in ζ-direction, while also
diffusing in momentum. To account for the momentum dif-
fusion more accurately, it should be included in the parti-
cle transport in Eq. (1). If a sharper first break reported by
CALET prevails over other instruments, this modification of
the model may become desirable. Note, however, that other
instruments, particularly DAMPE that also claims high pre-
cision at the first break rigidity, currently indicate a smoother
than CALET transition (see, e.g., Lipari & Vernetto 2020 for
the recent multi-instrument data compilation).
6.3. Anisotropy
Recent anisotropy data can be found in, e.g., Cowsik &
Madziwa-Nussinov (2016) and Amenomori et al. (2017).
Fig. 3 in the first reference shows an enhanced anisotropy
in a limited range between 0.1–100 TV, which is precisely
the range where the spectral anomaly studied in this paper
was observed with no regard to anisotropy, though. After
the enhancement, the anisotropy briefly declines at∼100 TV,
then it grows again. According to our model, the CRs reac-
celerated at the shock also merge into the background CR
around this rigidity. Meanwhile, the overall rigidity depen-
dence of the CR anisotropy, presented in Fig. 3 by Cowsik
& Madziwa-Nussinov (2016), was perceived as being flat in
the range between 0.1–1000 TV. However, if we subtract the
contribution of CRs reaccelerated at the bow shock, the resid-
ual background CR anisotropy will no longer be a flat func-
tion of rigidity. Indeed, the reaccelerated CRs are consid-
erably more anisotropic than the background CRs due to the
source proximity (enhanced CR gradient). Without their con-
tribution, the data in Fig. 3 of Cowsik & Madziwa-Nussinov
(2016) show the anisotropy increase from ∼ 10−4 to 10−2
between 0.1–1000 TV. Assuming then that the residual back-
ground CR anisotropy grows as Rδ , we find δ ' 0.5. This
scaling is also consistent with the I-K turbulence model that
we advocated in Appendix B, for the CR propagation within
the flux tube.
6.4. Possible Time Dependence Due to the Spatial Gradient
For our estimate of the distance to the bow shock in
Eq. (14) to be plausible the CR pressure profile must be suf-
ficiently steep in the cross-field direction. Our analysis in
Appendix C suggested that the lateral gradient scale l⊥ must
be in the range 1015−1016 cm. When the sun crosses the flux
tube of that scale then the CR variation can be detectable. If
the relative velocity between the bow shock and the sun is
∼100 km s−1, as the fit suggests, then the relevant crossing
time is τ ∼ 3 − 30 yrs, which merits a closer look at the
historical data.
Early reports on the spectral hardening date back to the
ATIC-2 paper (data taken in 2002–2003, Ahn et al. 2006),
first two flights by CREAM (data taken in 2004-2005, Ahn
et al. 2010), and first two years of PAMELA data (data taken
in 2006–2008, Adriani et al. 2011). The position of the
first break (hardening) was significantly lower, ∼200–240
GV vs. its current value of 450 GV from AMS-02 proton
data (Aguilar et al. 2015a). The situation with the second
break (softening) is much less clear. According to the cur-
rent fit, it is at 17 TV, which is, however, based on a multi-
instrument compilation with significant uncertainties. There
is no PAMELA data in this range, while the ATIC-2 data
(2002–2003) are more consistent with a ∼10 TV break, but
the statistical errors are quite large.
Let us now turn to the solution parameters K and R0 in
Eq. (12) (with a = 1/2) that determine the two breaks whose
rigidities we denote by Rh and Rs, where ‘h’ and ‘s’ stand
for hardening and softening, respectively. The K-value must
change with time, as it is proportional to the CR excess. Note
that the one-dimensional solution in Eq. (12) does not in-
clude the cross-field variation of the CR flux, so K formally
depends only on the shock index q and the background CR
index σ that are constant. The one-dimensional approxima-
tion applies only well inside the flux tube, where the CR flux
reaches its maximum. The second parameter, R0, clearly
changes across the flux tube as it directly relates to the turbu-
lence enhancement. Denoting ξ =
√
R0/R, from Eq. (12)
we can derive the following simple equation for Rh and Rs:√
R0/R
0.3
= 1 + e
√
R0/R−lnK .
We see that the both roots of this equation scale linearly with
R0, but only logarithmically depend onK. The current value
ofK = 2.4 is not big enough to neglect the variations in lnK
completely. Nevertheless, we justify this step by noting that
hadK changed strongly over the time, its value would be too
close to the background CR intensity back in 2002–2008 and
the excess would have not been detected.
The parameter R0 varies across the tube with the turbu-
lence level, Eq. (C15), which we expressed through the CR
pressure, PCR.After fixingK = 2.4, from the equation above
we find:
Rh ≈ 0.1R0 ∝ PCR,
while Rs ≈ 4R0. From here we conclude that, indeed, Rh
may have increased by a factor of two (from ∼230 GV mea-
sured by ATIC and PAMELA) to the current value of 455
GV over 10–15 yrs, provided that the sun penetrated deeper
into the flux tube and the turbulence level increased by the
same factor. The second break at R = Rs must have in-
creased proportionally to Rh, unless the turbulence index a
also changed over the time. This change cannot be ruled out,
since well outside of the tube a more likely value, based on
the B/C ratio, derives from the Kolmogorov turbulence with
a ≈ 1/3, rather than the I-K index that we have arrived at.
9On the other hand, the argument about the detectability ap-
plied to the parameter K seems to be applicable to a as well.
We shall return to the possible variability of the CR bump on
a more speculative note in the next section.
7. PASSING STARS
When the draft of this paper has been completed, we
started to search the literature for hints of possible passing
star candidates. It did not take long to find two passing stars,
which perfectly match the derived range of distances and ve-
locities: the binary Scholz’s Star at 6.8 pc distance with the
radial velocity 82.4 km s−1, and a triple system Epsilon Indi
at 3.6 pc that has the radial velocity –40.4 km s−1 and a con-
siderable proper motion. These are just two examples indi-
cating that such passings within a few pc distance are not
unusual.
The recently discovered Scholz’s Star (Scholz 2014) is a
system of red M9.5 and brown T5.5 dwarfs (Mamajek et al.
2015) with masses of 0.095M and 0.063M, correspond-
ingly. The system has a moderately eccentric orbit e = 0.240
with a semi-major axis of∼2 au, and a period of 8 yr (Dupuy
et al. 2019) that amended the previous estimate of Burgasser
et al. (2015). The Scholz’s Star has passed within the close
proximity of the sun, 0.25 pc, about 70–80 kyr ago, and is
moving away from us. Therefore, the sun is located down-
stream in its system.
The peculiar proper motion of the Epsilon Indi system was
noticed already about two centuries ago (D’Arrest 1847).
The main star A in the Epsilon Indi system is a K4.5V star2
with mass ∼0.77M. The recently discovered two smaller
stars B and C belong to the brown dwarf family with classes
T1.5 and T6 and masses of 0.072M and 0.067M, corre-
spondingly (Dieterich et al. 2018). The main star and the
binary brown dwarf system are separated by ∼1500 au. The
Epsilon Indi star is moving toward us with the sun located
upstream.
Both star systems can generate multiple colliding bow
shocks with rich opportunities for particle acceleration: (i)
Each companion star produces its individual bow shock, (ii)
The shock velocities are modulated with the orbital motion,
and (iii) the tight separation in each system ensures that the
shocks are colliding and amplifying each other. In the case of
the Scholtz’s star, a combination of the orbital and directed
motion produces downstream magnetic and kinetic perturba-
tions with the wavelengths λB ∼ VAτ ∼ 1014–1015 cm and
∼2 au ≈ 3 × 1013 cm, respectively. They are relevant for
the scattering and confinement of CRs with up to TV rigid-
ity. Moreover, the orbital motion injects magnetic and kinetic
helicity into the turbulence past the star systems, which is
necessary for an inverse MHD cascade (Pouquet et al. 1976;
Pouquet et al. 2018). Even though we have considered the
propagation of reaccelerated CRs upstream of a shock, the
turbulence left behind by the Scholtz’s star may have impor-
tant implications for our model. It can provide an enhanced
2 http://www.astro.gsu.edu/RECONS/TOP100.posted.htm
scattering and confinement of particles at the rigidities be-
yond the TV range.
The model we discussed in the paper is directly applica-
ble to the Epsilon Indi system. Epsilon Indi must have a
bow shock that is very much different from the ordinary one
formed by a single star. A 1500 AU separation, 11-yr orbital
period, and colliding stellar winds inject much more turbu-
lent power than the Scholtz’s star does. All this happens
downstream of the bow shock and has no direct impact on
the reaccelerated CRs upstream. However, the reacceleration
process may be enhanced, and the bow shock is likely to be
rippled due to the stellar dynamics behind it. An exciting, but
speculative, aspect of this dynamics is a possible 11-yr varia-
tions in the CR bump parameters. Here the coincidence with
the solar cycle period is accidental, as our sun maintains this
period for hundreds of millions of years (Luthardt & Roessler
2017).
8. MODEL SUMMARY
We have proposed an astrophysical explanation of the ex-
cess in the Galactic CR proton spectrum, recently observed
with an unprecedented accuracy. The key elements of our
model are as follows:
1. The unexpected bump in the 10 TV rigidity range is
entirely a product of reacceleration of the pre-existing
CRs in the Local Bubble (both primary and secondary)
by a weak shock wave, such as a bow shock of a pass-
ing star. We exclude a source of primary freshly ac-
celerated CRs, such as a nearby SN remnant (SNR), as
the main contributor to the bump, because of the co-
presence of secondaries in it which cannot be “fresh”.
2. In the current epoch, the shock is magnetically con-
nected with the sun. The reaccelerated CRs reach-
ing the sun propagate through a magnetic flux tube
with an enhanced scattering turbulence generated by
these CRs. It is primarily driven by CR pressure gra-
dient across the flux tube. The turbulence cascade
to shorter scales maintains the Iroshnikov-Kraichnan
Alfve´n wave spectrum, ∝ k−3/2. It leads to the parti-
cle mean-free path that scales as λ ∝ √l⊥rg with the
flux tube characteristic scale l⊥ and particle gyroradius
rg . This scaling is robust, as it is required to fit the en-
tire rigidity profile of the bump with correct amounts
of hardening and softening.
We have solved the model equations, initially using the un-
known shock Mach number, M , and the nominal distance
from the shock to the sun, ζobs, as fitting parameters. We
have fitted the solution to the most recent data including the
TeV CR excess with a ∼ 0.1% accuracy. Capturing the com-
plexity of the CR excess requires six ad hoc parameters. Our
model solution depends only on two physical parameters,
thus making a coincidental agreement highly unlikely. As
the model has no free parameters, we were able to constrain
unknown physical parameters. Our findings are:
10
Table 1. The model and problem parameters
Theoretical Best fit Model-inde-
Notation Description prediction value pendent value
s k−s turbulence index 3/2 1.49 · · ·
ζobs Distance to the bow shock 3–10 pc · · · · · ·
ξ ≡ ζobs√
rGVl⊥
Normalized distance Eq. (14) · · · · · ·
η = KP∞
ρCsVA
σ−4
R4−σ∗
Normalized background CR pressure · · · · · · · · ·
R0/1 GV =
[
3 (σ − 3) ξ u
c
√
2ηΓ (2σ − 8)
]2/(σ−3)
CR Bump rigidity, GV · · · 4405 · · ·
σ Index of background CR spectrum 4.3–4.6 · · · 4.85
K ≡ σ/ (q − σ) · · · · · · 2.4
1. The distance to the bow shock along the flux tube
ζobs = 3 − 10 pc, assuming that the characteristic
scale of the flux tube (bow shock) across the field is
l⊥ ∼ 1015 − 1016 cm.
2. The characteristic sound Mach number on the part of
the shock that efficiently reaccelerates CRs is M ≈
1.6.
The scales are obtained assuming that the shock is propagat-
ing in a hot ISM with the temperature T ∼ 106 K, which for
the calculated Mach number corresponds to the shock speed
u & 100 km s−1. Our model parameters are summarized in
Table 1.
9. DISCUSSION AND OUTLOOK
It is, perhaps, too early to embark on quantitative modeling
of the secondaries Li, Be, B, as well as on heavier primaries,
He, C, and O. In the relevant rigidity range >∼ 200 GV they
still have significant error bars (Ahn et al. 2008; Aguilar et al.
2017, 2018a). However, it is clear that the spectral hardening
above >∼200 GV is more pronounced in the spectra of sec-
ondaries. One can roughly reproduce this difference through
the injection of pre-existing CR species to the shock solu-
tion and limiting their acceleration in the region above the
spectral hardening because of the shock weakness. While
the resulting softening of the overall primary spectrum is not
pertinent to the reaccelerated secondaries, the latter will have
a stronger break than the primaries.
Worth mentioning is that the proposed scenario of the local
magnetosonic or bow shock predicts the same rigidity for the
spectral breaks for all CR species. Though very different in
underlying physics, the implications are similar to the “prop-
agation scenario” mentioned in the introduction and require
very few free parameters. However, instead of the “propa-
gation scenario” pertinent to the whole Galaxy, our proposed
scenario is local. Observations of the diffuse emission above
∼30 GeV from the interstellar gas at different distances from
the sun may be able to discriminate between several scenar-
ios of the observed bump, such as the local disturbance or the
global properties of the ISM.
To conclude, we examined the robustness of the weak
shock scenario behind the CR TeV excess, such as the bow
shock of a moving star and/or an old SNR-generated turbu-
lence. We found, at least, two closeby fast-moving stars, the
double Scholtz’s star and triple Epsilon Indi, that may drive
shocks capable of CR reacceleration. Our model is directly
applicable to the Epsilon Indi system, which should have a
bow shock that is very much different from the shock formed
by a single star. There also is a possibility of 11-yr variations
in the CR bump properties due to the 11-yr orbital period
of its widely separated A and B+C components. The turbu-
lence left behind the double Scholtz’s Star, which is moving
away from the sun, may also provide an enhanced scattering
and confinement of particles at the rigidities beyond the TV
range.
Another possibility is a weak magnetosonic shock propa-
gating through the rarefied plasma in the Local Bubble. In
ordinary gas dynamics an arbitrary initial motion generally
steepens into shocks, unless dissipative effects come into
play earlier (Whitham 2011). In the collisionless plasma
of the Local Bubble wave dispersion and ion reflection off
the shock front may damp the shock by enabling anomalous
(i.e. collisionless) dissipation mechanisms (Sagdeev 1966).
However, for this to happen the shock needs to be supercrit-
ical (Kennel 1988), i.e., typically having the Mach number
M & 2. This is not the case for the shock of M ≈ 1.5 that
we inferred by fitting the observed spectrum. We conclude
that such shocks may propagate in the Local Bubble even
long after the last SN explosions we discussed in Section 2.
Other sustainable sources of mechanical energy capable of
driving weak shocks have also been suggested (e.g., Cox &
Helenius 2003).
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APPENDIX
A. WAVE GENERATION
Although macroscopic in nature, Eq. (7) approximately ap-
plies to the partial CR pressure, PCR (R), and wave spectral
energy, Ew (k) , if the particle distribution is nearly isotropic.
In this case a simplified resonance condition for the wave-
particle interaction, k ≈ r−1g (R) , may be adopted instead
of the more accurate cyclotron resonance condition, k‖v‖ ≈
ωc (R) (Skilling 1975). The partial pressure of reaccelerated
CRs and the wave energy density in Eq. (7) are normalized
as follows
PCR (p) =
8pic
3ρV 2A
p4 (f − f∞) ,〈
δB2
〉
B20
=
∫
Ew (R) d(lnR).
Since we already know the CR enhancement from the fit-
ting parameterK,we can quantify their suppression effect on
κ, as compared to its large background value, κISM ∼ 1028
cm s−1 (for GV particles). Being controlled by the wave gen-
eration, the suppression factor is limited by a nonlinear satu-
ration, cascading, and damping of the self-generated waves.
These phenomena are not included in Eq. (7). A plausible ex-
pectation is that the waves saturate at δB ∼ B for k ∼ r−1g
under a sufficient pressure gradient (f  f∞) that drives
these waves (McKenzie & Voelk 1982; Vo¨lk et al. 1984). The
diffusion coefficient of the resonant particles is then close to
the Bohm value3, κB = crg/3. However, unlike the CRs
that are freshly accelerated at strong shocks, the pressure of
reaccelerated CRs only moderately exceeds the background
CR pressure (by a factor of K ≈ 2.4). We, therefore, de-
termine κ‖ using a quasi-linear approximation, according to
which it remains reasonably large compared to κB , but much
smaller than the background value κISM. As the amplitude
of the waves decreases outside of the shock precursor, κ‖ in-
creases and approaches an intermediate value κint, such as
κB κint  κISM. This value is typical for such distances
from the shock where an enhanced turbulence generated by
the reaccelerated CRs persists while the CRs begin to es-
cape the shock surroundings along the field, albeit with the
suppressed particle diffusivity. Their diffusion is impeded
by self-generated waves that propagate at a low speed, VA.
Hence, an enhanced turbulence persists even after the CRs
largely diffuse away. We incorporate this effect into the inte-
gration constant of Eq. (7). The quasilinear result then reads
κ‖ =
κB
Ew
=
(
1 +
u
VA
)
κB
PCR + Pint
, (A1)
3 Shorter waves may saturate at higher amplitudes, δB  B0 (Bell 2004),
close to strong shocks, but their impact on the particle confinement may
even be negative. Indeed, κ (R) grows too steeply with R, κ ∝ R2, when
these short waves dominate the spectrum. Besides, the shock is weak in
our case.
where we have defined an arbitrary constant Pint =
(κB/κint) (1 + u/VA) that comes from the integration of
Eq. (7). It satisfies the boundary condition κ‖ → κint for
PCR → 0, and represents the diffusivity suppression ahead
of the shock at ζ ∼ ζint, where the reaccelerated parti-
cles diffuse away, but the wave turbulence is still significant,
κint  κISM. To find PCR , we close Eq. (7) by a convection-
diffusion balance for PCR along the flux tube,
uPCR + κ‖
∂PCR
∂ζ
= 0. (A2)
This balance extends Eq. (1) to the area further ahead of the
shock precursor by applying it along the flux tube. Near the
shock the particle transport turns towards the shock normal,
as κ⊥ ≈ κ2B/κ‖ increases. This part of the precursor does not
contribute significantly (see Section 3) to the path integral in
Eq. (6). We place it after the main part on the r.h.s. of the
result below. From Eq. (6), using (A2), we thus obtain:
Φ (R, ζobs) = ln
PCR (0)
PCR (ζobs)
(A3)
' uζobs
κint
+ ln
[
PCR (0)
κint
κB
(
1 +
u
VA
)−1]
.
Here we have also assumed that ζobs  ζint. To be consis-
tent with the fit, this expression must vary with R as R−1/2,
according to Eq. (9). Assuming then that κint ∝ R1/2, which
we will justify in Appendix B, we find that only the first term
on the r.h.s. behaves this way. The second term varies as
lnR. Besides, it does not contribute to the range of Φ (R)
significantly. Indeed, according to the fit in Sect. 5, Φ varies
by a factor ∼100 in the interval 30 GV < R < 100 TV
which is well above the range of the second term on the r.h.s.
of Eq. (A4). It varies by less than an order of magnitude
in the same rigidity range. The main contribution to Φ thus
comes from an extended region outside of the shock precur-
sor, which gives us an access to the distance to the source.
Unlike the second term, this contribution is directly propor-
tional to ζobs. However, this is a quasilinear result that needs
to be modified if the wave-wave interaction, not included in
Eq. (7), is essential. The other obstacle to the estimate of ζobs
is the unknown κint. We will also consider these aspects in
Appendix B.
It follows that a cloud of reaccelerated CRs must be self-
confined in the lateral and wake areas of the bow-shock
before they escape the star surroundings. The CR cloud
must also be elongated in the field direction, because κ⊥ ≈
κ2B/κ‖  κ‖. Since the CR pressure gradient is then di-
rected largely across the field, the resonant cyclotron and
the nonresonant CR current, or Bell (2004) instabilities that
develop most rapidly along the field are less efficient than
the CR pressure-driven acoustic instability. The latter, also
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called Drury instability (Dorfi 1984; Drury & Falle 1986;
Kang et al. 1992), has been compared with the nonresonant
instability by Malkov et al. (2010). Although only a specific
case of CR modified shock precursor has been considered
in the comparison, in which both the CR current and pres-
sure gradient instabilities stem from the same CR population
balanced by the ram pressure of the inflowing plasma, we
can apply some of those results to the present study. For the
plasma-β ∼ 1, the growth rates of Drury and Bell instabili-
ties are similar, even assuming the Bell instability operating
under the most favorable conditions of the field aligned cur-
rent and wave vector. Drury instability, however, is not sen-
sitive to its wave vector orientation with respect to the field,
particularly if β > 1, which is likely to be the case in the
Local Bubble (Spangler 2009). Therefore, Drury instability
should drive waves across the field more efficiently. Now
we focus on the saturated spectrum of this instability and its
implications for the CR scattering.
Unlike in the resonant cyclotron and Bell instabilities the
magnetic perturbations of the acoustic instability can be con-
sidered as passively frozen into the fluid perturbations. As-
suming that β > 1, this approximation is sufficient for our
purposes. Later we will take magnetic perturbations pertain-
ing to the particle scattering into account. First, we adopt
a reduced equation for unidirectional acoustic perturbations
driven by the CR pressure gradient in the form presented
by Malkov & Diamond (2009). In a CR cloud elongated
along the field line in ζ-direction, the CR pressure is in r-
direction, in a cylindrical symmetry, for example. We neglect
ζ-dependence for now, also considering r as a locally Carte-
sian coordinate. The equation for unstable acoustic waves
can be written as a 1-D evolution equation:
∂ρ˜
∂t
− Cs ∂ρ˜
∂r
− γ + 1
2ρ0
Csρ˜
∂ρ˜
∂r
− µ∂
2ρ˜
∂r2
= γDρ˜, (A4)
where Cs is the sound velocity, ρ˜ is the plasma density per-
turbation, ρ0 is its background density, and γ is the adi-
abatic index. The l.h.s. is essentially a Burgers equation
that describes unstable waves (driven by the instability term
on the r.h.s.) aligned with the CR gradient and propagating
along the characteristics r = −Cst + r0. The characteris-
tics r = Cst + r0, associated with the damped waves, have
already been eliminated from Eq. (A4). The small viscos-
ity µ is only important at discontinuities, resulting from the
nonlinear steepening of unstable waves. The growth rate for
these waves is
γD = − 1
2ρ0Cs
∂PCR
∂r
, (A5)
where PCR is the full (momentum integrated) CR pressure.
The growth rate has also a stabilizing component owing
to the CR diffusion. We have omitted it since it is small
compared to γD, assuming that κ/l⊥ > Cs. Here l⊥
is the characteristic scale of the pressure gradient (l−1⊥ ∼
P
−1
CR ∂PCR/∂r).
A handle on the dynamics and saturated state of the un-
stably driven Burgers turbulence can be obtained by trans-
forming to the reference frame moving with unstable sound
waves, r → r+Cst. This boost along r transforms away the
second term on the l.h.s. of Eq. (A4). Small-amplitude seed
waves will then grow exponentially until the third (nonlinear)
term balances the driver on the r.h.s. Before it happens, the
initial, say sinusoidal, profile of the seed perturbation steep-
ens into a periodic shock sequence with the seed wave period.
In this saturated state, the following balance is maintained
across the most part of the period:
∂ρ˜
∂r
≈ 1
(γ + 1)C2s
∂PCR
∂r
. (A6)
As the viscose term in Eq. (A4) remains small everywhere
except in the shock transition, the density ρ˜ has a saw-tooth
profile. It consists of smooth curves with slopes propor-
tional to the local slope of PCR, connected by the shocks.
For this reason it is called a shock-train solution. The latter
is a generic consequence of nonlinear and instability terms
present in many evolution equations studied in the past (see,
e.g., Malkov & Diamond 2009 and references therein).
The shock-train solution is in compliance with a natural
requirement that the period averaged 〈ρ˜〉 ≈ 0, while, accord-
ing to Eq. (A6) it must remain monotonic almost everywhere,
except for the thin shock transitions. It also proved to be a
strong attractor to which a broad class of initial profiles con-
verge. Meanwhile, in the shock transitions the last term on
the l.h.s. of Eq. (A4) is of the same order as the nonlinear
and instability terms. The fact that the slope of ρ˜ between the
shocks closely follows that of the PCR, immediately relates
the amplitude of the density jumps to the distance between
the shocks, a property that we will use in the sequel.
B. WAVE ENERGY TRANSFORMATION
Unlike in an idealized periodic solution discussed earlier,
in any realistic shocktrain structure shocks have different
strengths. Therefore, they move at different speeds and coa-
lesce, so their strengths increase while fewer shocks remain
in the system. However, this shock dynamics is typical for a
one-dimensional system evolving, for example, in a periodic
box, with a time-asymptotic state of only one strong shock
per period.
The system considered here has at least three important
differences. First, unlike the initial value problem outlined in
the previous subsection, the seed waves are continuously fed
to the Drury instability from the resonance instability of CRs
diffusing away from the bow shock. Hence, the asymptotic
single-shock state of a maximum strength is unrealistic. Sec-
ond, the shock formation occurs in an elongated region be-
ing two-dimensional, at a minimum. The shocks propagate
then towards its axis at different, albeit close angles. There-
fore, their coalescence proceeds along intersection lines, not
along the entire shock surface simultaneously. As a result, a
random web-like shock network emerges. Third, the inverse
cascade associated with the shock merger events is arrested
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by the forward Alfve´n cascade at a scale that plays a role of
the Rhines’s scale. This effect is akin to the Rhines’s phe-
nomenon where an inverse eddy cascade is intersepted by a
wave turbulence cascade (Rhines 1975). We will discuss this
scenario below for the sake of CR scattering by the Alfve´n
waves.
Let us first estimate the density of the shocks and their av-
erage strength while they merge. These quantities will de-
termine the spectrum of Alfve´n waves that are generated by
the shock merger. The particle diffusivity along the field,
κint, depends on the Alfve´n spectrum. We recall that we need
κint to derive the distance to the bow-shock using Eq. (6).
To describe the shock merger, we return for a while to the
simple picture of a periodic 1-D shocktrain. Let its initial pe-
riod be 2b. The energy density of the shock train moving at
a speed Cs, as in ordinary acoustic waves, has two quadratic
contributions. They come from the density and velocity per-
turbations and are equal in a plane acoustic wave (Landau
& Lifshitz 1987), thus carrying the specific energy density
C2s ρ˜
2/ρ20. Using Eq. (A6), we can write this quantity within
one shocktrain period between the points r = ±b, as
E =
C2s
2bρ20
∫ b
−b
ρ˜2dr =
b2
3 (γ + 1)
2
ρ20C
2
s
(
∂PCR
∂r
)2
.
(B7)
We have used an approximation of linear P c (r) on a short
interval b  l⊥. Introducing the shocktrain amplitude pa-
rameter A,
A2 =
2pi2
3 (γ + 1)
2
ρ20C
2
s
(
∂PCR
∂r
)2
,
and the shocktrain wave number k0 ≡ pi/b, we can express
the above energy density through the spectral density as fol-
lows:
A2
2k20
=
∫ ∞
k0
Eskdk.
From here we obtain the shocktrain spectral density Esk:
Esk =
{
A2k−3, k ≥ k0;
0, k < k0.
(B8)
It is seen that as the shocks merge, that is k0 decreases,
the total energy density increases as k−20 . The spectrum at
k > k0 is unaffected by the mergers and remains independent
of k0, as we consider the amplitude parameter A, that is the
∂PCR/∂r profile, to remain constant. This convenient fea-
ture of the acoustic inverse cascade allows us to evade a dif-
ficult question of how to determine k0 for the purpose of ob-
taining a magnetic counterpart of the acoustic shocktrain tur-
bulence. Since the inverse cascade proceeds to a sufficiently
small value k0 & l−1⊥ , we may assume that k0rg,max < 1
and the longest waves will not significantly influence the CR
scattering. As we know from the fit, the maximum rigidity of
reaccelerated CRs is in the range 10 − 100 TV, so the gyro-
radius cannot significantly exceed 1016 cm in a few µG field.
Further constraints on k0 would require a consideration of
the lateral profile of the CR flux tube, which is beyond the
scope of this paper.
In the zeroth approximation, magnetic perturbations asso-
ciated with the shocktrain generation passively follow the gas
motion in acoustic waves. In the Local Bubble plasma, pre-
sumably with β > 1, oblique magnetosonic perturbations
would be strongly damped, were they not be driven by the CR
pressure gradient. In contrast to the driven magnetoacoustic
waves, Alfve´n waves generated by the shocktrain turbulence
propagate along the field essentially undamped and cascade
to shorter scales, thus interacting with all reaccelerated CRs.
Alfve´n wave generation is quite similar to what is known in
the MHD turbulence studies as “Alfve´nization” of the Kol-
mogorov hydrodynamic cascade. Although the excitation of
waves with longer scales is also expected due to the helicity
conservation, we focus on the direct Alfve´n cascade as it is
relevant to the CR scattering. It proceeds via interaction of
counter-propagating Alfve´n wave packets, as described by,
e.g., Goldreich & Sridhar (1997).
The wave packet interaction time is 1/kVA, so that the rel-
ative change in velocity perturbation can be written as
δvk
vk
∼ 1
vk
dvk
dt
1
kVA
∼ vk
VA
,
where the time derivative is estimated from the nonlinear in-
teraction term∼ v ·∇v ∼ kv2k of the MHD equations. Since
δvk (t) is a random process with zero mean, it takes Nk ∼
(VA/vk)
2 interactions before the velocity perturbations in-
crease to ∼ vk. The time needed for that is τk = VA/kv2k.
The energy flux across the spectrum is
ε ∼ v
2
k
τk
∼ k v
4
k
VA
.
Assuming this flux to be constant in a steady state, we obtain
the power spectrum of Alfve´n waves
EAk ∼ v2k/k ∼
√
εVA
k3/2
, (B9)
which is, of course, the Iroshnikov-Kraichnan (I-K) spec-
trum. Now we need to relate the energy flux ε to its source in
the acoustic turbulence of merging shocks. One possibility
is that three-wave interactions, such as decays of magnetoa-
coustic waves to other magnetoacoustic and Alfve´n waves
(Livshits & Tsytovich 1970; Kuznetsov 2001), M →M+A
or M → A + A, couple sufficiently broad ranges of the two
spectra. On the other hand, the decay’s growth rate scales
unfavorably with the wave number in the long wave limit,
γd ∼ kVAδB2/B2, where the acoustic turbulence conden-
sates. Besides, the weak turbulence scenario associated with
the three-wave processes is not viable for a strong CR driver
that seems to be present by virtue of the fit.
In strong turbulence regimes, the energy flux is usually ob-
tained from a prescribed energy “injection” rate at an outer
scale. In our case the Alfve´n waves are fed in from a continu-
ous acoustic spectrum rather than a determinate scale. How-
ever, the spectral shapes of these two spectra are formed by
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strong individual cascades without interaction, so they have
markedly different indices (3 for acoustic- and 3/2 for Alfve´n
waves). Therefore, they must intersect, say at k = k∗ (cf.
the Rhines scale). At this scale the turbulent kinetic energy
of Alfve´n waves is in equipartition with the acoustic energy
(shocks), EAk∗ ∼ Esk∗ . Since only one of them dominates for
all k not too close to k∗, the interaction between them falls
off with the growing |k − k∗|. The above equipartition re-
quirement alone does not determine k∗ and ε. The second
condition that we need is that the energy transfer rates in the
two cascades coincide at k ∼ k∗. In the acoustic cascade
this rate is the same as the shock coalescence rate, which is
∼ γD and is scale-invariant. Therefore, the second condition
is ε (k∗) ∼ γDv2k∗ . From these two conditions we find
k∗ ∼ γD
VA
, ε ∼ γDV 2A, (B10)
that is vk∗ ∼ VA. In the range k > k∗ the two spectra sepa-
rate from each other as follows
Esk ∼
γ2D
k3
, EAk ∼
√
γD V
3/2
A
k3/2
. (B11)
The behavior of the spectra at k < k∗ may deviate from these
scalings, since the inverse acoustic cascade looses a signifi-
cant part of its energy flux to the Alfve´n forward cascade
at k ∼ k∗. In addition, the inverse Alfve´n cascade may also
proceed from k∗ to smaller wave numbers at a different slope.
Meanwhile, using the first of the two relations in Eq. (B10)
we can express k∗ through the “observable” quantity PCR,
which can be inferred from the fit,
k∗l⊥ ∼ PCR
ρC2s
√
β. (B12)
Assuming that the background CR pressure is similar to the
gas pressure, and it is enhanced by the reacceleration only by
a factor of a few (according to the fit, K = 2.4, Section 5),
the above ratio cannot be much larger than unity. Since for
the highest energy reaccelerated CRs we assume rg . l⊥,
the region k < k∗ is not important for the particle scattering.
At the same time, the boundary in momentum space of self-
confined particle at rg (p) ∼ k−1∗ shifts to lower momenta
with growing PCR, provided that l⊥ is constant. This shift
limits the maximum energy of reaccelerated CRs that can be
observed, unless there is a significant cascading of Alfve´n
waves to lower k < k∗.
C. ESTIMATE OF THE DISTANCE TO THE
HYPOTHETICAL BOW-SHOCK
Now we can estimate the distance to the shock, ζobs, using
an expression for the Alfve´n wave spectrum in Eq. (B11).
Since we use the nonlinearly transformed spectrum, the
quasilinear phase integral in Eq. (A4) is no longer applica-
ble and we turn to its original form in Eq. (6). We know
the function of particle rigidity, Φ (R), on the l.h.s. of this
equation from the fit while the particle diffusivity, κint, can
be estimated as follows
κint ∼ rgc B
2
δB2k
∼ rgc V
2
A
v2k
∣∣∣∣
krg∼1
. (C13)
Introducing a dimensionless parameter, characterizing the
CR pressure of reaccelerated particles,
Π =
PCR
ρCsVA
,
so that γD ∼ ΠVA/l⊥, and using Eqs. (B9) with (B11), for
κint we obtain
κint ∼ c
3
√
rgl⊥/Π. (C14)
The base-line m.f.p. of reaccelerated particles propagating
along the flux tube is thus
λCR ∼
√
rgl⊥.
Substituting κ‖ = κint and u1 = cosϑnBu in Eq. (6) and
comparing it with Eq. (9), we may write√
R0 ' 3u
c
√
rGVl⊥
Ψ(ζobs), (C15)
where
Ψ(ζ) ≡
∫ ζ
0
√
Πdζ,
and rGV is the gyro-radius of a GV-proton. Note that, the
rigidity R canceled out from the above relation and R0 ≈
4400 can now be considered as a dimensionless number.
Next, we need to calculate the normalized CR pressure
Π (ζ). Since it derives from the background CRs with a dis-
tribution f∞, it is convenient to relate Π to the background
CR pressure P∞. From the solution of acceleration problem
in Eq. (5) we have
Π =
P∞
ρCsVA
∫ ∞
0
R3 (f − f∞) dR
/∫ ∞
0
f∞
R4dR√
1 +R2
,
(C16)
where the integral in the denominator represents the back-
ground CR pressure P∞. The integration variable R is nor-
malized here to the rest mass proton rigidity mc/e. In rep-
resenting the pressure of reaccelerated CRs, characterized by
f − f∞, we have used the approximation R  1. This ap-
proximation is not accurate near the shock, but as we have
seen from crude estimates of ζobs in Section 3, the main con-
tribution to the path integral comes from large ζ ahead of the
shock precursor, where f ≈ f∞ at R ∼ 1. The main contri-
bution to P∞ comes from R ∼ 1, but the exact behavior of
f∞ along the path is unknown (see however the discussion
of the Voyager 1 data by Drury & Strong 2017). We attach
this uncertainty to a new parameter R∗ ∼ 1, by assigning
the lower limit of the integral in the denominator to R∗ and
replacing the square root expression by R.
The above expression for Π rewrites:
Π = η
∫ ∞
0
R3−σdR exp
[
− α√
R
Ψ(ζobs)
]
, (C17)
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where
α =
3u
c
√
rGVl⊥
and η =
KP∞
ρCsVA
σ − 4
R4−σ∗
. (C18)
Using Eq. (C17), we have the following differential equation
for the path integral Ψ
dΨ
dz
= BΨ4−σ,
where
B = α4−σ
√
2ηΓ (2σ − 8),
and Γ is the gamma-function. After solving it and using
Eq. (C15), we obtain the following result for ζobs:
ζobs√
rGVl⊥
=
(c/3u)R
(σ−3)/2
0 R
2−σ/2
∗
√
ρCsVA√
2 (σ − 4)√Γ (2σ − 8) (σ − 3)√KP∞
(C19)
By solving the last expression for R0, we obtain the result in
Eq. (10).
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